The spectra of light-light and heavy-light mesons are described by spinless Salpeter equation and Dirac equation respectively, which predict linear dependence of the meson mass squared M 2 on angular momentum J and number of radial nodes n. Both spectra are computed by the WKB method and shown to agree with exact numerical data within few percent even for the lowest levels. The drawback of Salpeter and Dirac equation is that (inverse) Regge slopes do not coincide with the string ones, 2πσ and πσ respectively, because the string dynamics is not taken into account properly. The lacking string rotation is introduced via effective Hamiltonian derived from QCD which generates linear Regge trajectories for light mesons with the correct string slope.
Introduction
QCD is believed to be the fundamental theory of strong interactions and the meson spectroscopy is to be derived from QCD. The spectrum of mesons has been treated in a sequence of models [1, 2] which may be called QCD motivated, but still not directly derived from the QCD Lagrangian.
The problem of the celebrated Regge behaviour of the hadron spectra has been discussed in literature not once (see e.g. [3] and references herein) but still attracts considerable attention. The light-light meson spectrum obtained so far and reasonably describing experiment can be written in the form 
where n is the radial quantum number, J being the total angular momentum, ∆M 2 p contains the perimeter (self-energy) mass correction as well as corrections to the first two terms, while ∆M for the potential added to the mass term (scalar confinement). Both results lead to considerable discrepancies with (3) and, as will be shown later, this happens because the rotation of the string, and hence momentum dependence of the effective potential, is not taken into account.
It was found few years ago [5] that starting from the area law for Wilson loops one arrives at the relativistic Hamiltonian for the spinless quark and antiquark which possesses two different regimes: potential regime for small angular momenta L and any n, and string-like one for large L and fixed n. In the latter case the dominant term in the Hamiltonian indeed describes the rotating QCD string, so that the string Regge slope (3) is readily reproduced. Similar results were obtained independently by numerical analysis of the spinless quarkantiquark system [6] .
In the present paper we concentrate on the quasiclassical approach to mesons, as the WKB method allows to obtain analytic formulae for the meson spectra of surprisingly high accuracy thus giving evidence for the quasiclassical dynamics of confined quarks in the meson.
Therefore our first task will be to check the accuracy of the WKB approximation for those cases where exact solutions are feasible: spinless Salpeter equation for light-light mesons (potential regime of the general QCD string formalism [5] ) and the Dirac equation for linear confining potential for the case of heavy-light system. We argue that the accuracy of WKB results is very good even for lowest states. However the slopes in both cases are incorrect, as in (4) and (6) respectively.
At this point we come to the main purpose of this study -to include the proper string dynamics, whereby abandoning the notion of local potential and introducing a new entity, the QCD string, the effect which can not be recasted in terms of local potential. We use the Hamiltonian derived in [5] and calculate the quasiclassical spectrum of light mesons. The results represent celebrated straight-line Regge trajectories even for low-lying states with the slope very close to the expected string slope (3) .
In conclusion we demonstrate how other effects (spin and colour Coulomb interaction) can be included in the same Hamiltonian to make a direct comparison with experiment.
Meson spectrum and quasiclassical approximation
We start with the spinless Salpeter equation which describes relativistic quark and antiquark of equal masses m with angular momentum l = 0 and spin effects neglected (see [5] for the derivation of this equation from the general meson Green function in QCD).
The Bohr-Sommerfeld condition looks like
that yields
A similar consideration for the heavy-light system of masses m and M (M → ∞) gives
Accuracy of WKB approximation (9), (11) can be tested vs exact solutions of the Salpeter equations (recently accuracy of WKB approximation was checked for light-light mesons in [7] ). In Table 1 this comparison is given for the light-light system with m = 0 and heavylight one with m q = 0.01 GeV and and Mq = 10 GeV . The mass M (hl) n in the latter case actually refers to the difference of the total mass of the heavy-light system and the mass of the heavy antiquark.
Summarizing, one can say that spectra (9), (11) (as function of n for l = 0) indeed have the form (1), (2) with the corrections at large n in the form
The WKB spectrum is linear in n and its accuracy is about 3-4% even for the lowest state. (7) for massless quark and antiquark and (10) for the quark mass m q = 0.01 GeV and antiquark mass Mq = 10 GeV . In both cases σ = 0.2 GeV 2 and l = 0.
We now turn to the case of the Dirac equation with linear confining potential studied in [8] . The WKB method for the Dirac equation was thoroughly investigated in [9] and recently applied to the case of confining potential [10] . Let us briefly recall the results here.
The Dirac equation with scalar (U) and vector (V ) local potentials has the form
and the WKB quantization condition is [9] 
where
An approximate quasiclassical solution of (13) obtained in [10] for the case m = 0,
The last two terms on the r.h.s. of equation (16) are sub-leading for large n and are generated by the term κw pr (see (14)). One can see that the (inverse) Regge slope in j in (16) is equal to 2σ coinciding with the exact result (6), but is not of string type. As it was expected a j-independent scalar potential does not describe the physical phenomenon of rotating string.
Still the accuracy of the WKB approximation is impressing. In Table 2 one can see the comparison of exact eigenvalues computed in [8] with quasiclassical ones and with those obtained from (16). The discrepancy is less then 1% even for the lowest state and it is much better for higher states. Table 2 : Comparison of the exact spectrum for Dirac equation (13) with WKB spectrum and approximate one given by equation (16) for m = 0, V = 0 and U = σr with σ = 0.2 GeV 2 .
3 Rotating string in the spinless quark Hamiltonian
Let us turn back to the spinless Salpeter equation for the light-light meson and take the non-zero angular momentum into account. As it was shown above the Salpeter equation with local l-independent potential leads to the incorrect Regge slope (4), and therefore this case requires a special treatment. One needs a Hamiltonian taking into account dynamical degrees of freedom of the string, e.g. in the form of time derivatives of string coordinates. This was done explicitly in [5] , where it was shown that starting from the QCD Lagrangian and writing the gauge invariantGreen function for confined spinless quarks in the Feynman-Schwinger representation, one can arrive at the Lagrange function of the system in the well-known form
where τ denotes the proper time of the system, the first two terms stand for quarks, whereas the last one describes the minimal string with tension σ developed between the constituents; w µ (τ, β) being the string coordinate. Adopting the straight-line anzatz for the minimal string, i.e. w µ (τ, β) = βx 1µ + (1 − β)x 2µ , synchronizing the quarks proper times, x 10 = x 20 = τ = t lab and introducing auxiliary fields to get rid of the square roots (see e.g. [11] ) one can obtain the following Hamiltonian in the centre of mass frame (we consider the case of equal masses m)
where the two auxiliary positive functions µ(τ ) and ν(β, τ ) ≡ ν(β) are to be varied and to be found from the minimum of H yielding quark energy and string energy density respectively. A more detailed analysis of the role played by auxiliary fields can be found in e.g. [12] . Note that Hamiltonian (18) has a form of the sum of "kinetic" and "potential" terms only due to auxiliary fields µ and ν. If one gets rid of them by substituting their extremal values, the resulting Hamiltonian possesses a very complicated form which makes its analysis and quantization hardly possible.
The centrifugal potential in Hamiltonian (18) is of special interest to us and, most of all, the second term in the denominator. It is this term that describes extra inertia due to the string connecting the quarks. Neglecting this term and taking extrema in the auxiliary fields one easily arrives at the ordinary Salpeter Hamiltonian with linearly rising potential, whereas account for this extra term describes the proper string rotation and brings the slope of the Regge trajectory into correct form (3) . In the nonrelativistic expansion of Hamiltonian (18) this term yields the so-called string correction to the leading confining potential σr [5] ∆H l = − σL 2 6m 2 r , the part of the interaction which explicitly depends on the angular momentum. Hamiltonian (18) assumes especially simple form in the case of zero angular momentum and after excluding the auxiliary fields produces Salpeter equation (7).
Variation of (18) over ν(β) gives the stationary energy distribution along the string with β (0 ≤ β ≤ 1) being the coordinate along the string. Thus one obtains
where y is to be found from the transcendental equation
andL 2 = l(l + 1). Note that the maximal possible value of y, y = 1, yields the energy distribution ν f ree 0 (β) corresponding to the free open string (string without quarks at the ends) [5, 6] .
In the general case inserting the extremal function ν 0 (β) one obtains from (18)
with y = y(L, r, µ) defined by equation (20) . Unfortunately no rigorous analytic calculations are possible anymore, so one has to rely upon numerical calculations. But let us first perform some analysis of Hamiltonian (21). Neglecting µ in (20) and µy 2 in (21) (which is justified for largeL and σr, so that µ σr ≪ 1) and varying over µ in (21) one obtains
so that the second term on the r.h.s can be viewed as an effective potential, and we would like to emphasize that this potential is non-trivially l-dependent.
In the general case one has a µ-dependent Hamiltonian (18) with the "potential" U(µ, r), U(µ, r) = σr y arcsin y + µy 2 .
A simplifying approximation can be used at this step, namely the standard WKB procedure can be applied to the Hamiltonian
which slightly differs from the exact Hamiltonian (21) as it treats µ 0 as a variational parameter not depending on τ . We find eigenvalues M(µ 0 ,L, n) and minimize them with respect to µ 0 to obtain the spectrum M(µ * 0 (L, n),L, n), where µ * 0 (L, n) being the extremal value of µ 0 .
To check the accuracy of such a procedure for the eigenvalues two Hamiltonians were considered:
where H 1 is obtained from H 2 in the limit when µ 0 → µ(τ ).
The results are listed in Table 3 . One can see that the accuracy of variational procedure (26) is better than 5% and it is reasonable even for m tending to zero. (26) M (1) n with the exact spectrum of Hamiltonian (25) M (2) n for m = 0 and σ = 0.2 GeV 2 .
As a next step we use the standard WKB method to find the spectrum of Hamiltonian (24). To this end we write the Bohr-Sommerfeld condition as
The eigenvalues M(µ 0 ,L, n) were found numerically from (27) and the minimization procedure was then used with respect to µ 0 . Results for M nl are given in Table 4 and depicted in Fig.1 Table 4 : Quasiclassical spectrum of Hamiltonian (18) for m = 0 and σ = 0.2 GeV 2 .
Let us give a little comment concerning effective potential U(µ 0 , r). Its behaviour at large and small distances can be extracted analytically from Hamiltonian (18) and coincides with that of the Salpeter: the centrifugal barrier at small r and linear growth at large r.
Meanwhile in the region of intermediate values of r this potential differs from what one would have in the Salpeter equation and it is just this region which is important to obtain the correct Regge slope. The form of the effective potential is depicted in Fig.2 for several different angular momenta l. In case of l = 0 the effective potential equals to σr for all values of r.
Conclusion
We have shown that the proper account of the string dynamics leads to practically linear Regge trajectories, shown in Fig.1 , with the slope numerically close to the conventional (2πσ) −1 . The exact form of the effective potential incorporating the string rotation as well as the quark radial motion was found numerically and shown in Fig.2 .
To make contact with experimental data on meson masses one should specify corrections ∆M (1), or in the case of the Hamiltonian formalism, one should add to Hamiltonian (21) the colour Coulomb term V C and spin-dependent interaction.
Treating the latter as perturbation one finds, e.g. for ρ meson, a negative shift of the mass due to V C of about 160 MeV and positive correction of about 40 MeV due to hyperfine term ∆H ss . Taking this into account one obtains for ρ meson (l = 0) the mass about 1.6 GeV . It is clear from Fig.1 that these corrections practically do not violate the linearity of Regge trajectories as ρ meson lies on the continuation of the leading theoretical trajectory in l (see dashed line attached to the trajectory with n = 0). In this way starting from QCD and making one assumption of the area law for the Wilson loop we obtain linear Regge trajectories for light quark mesons with the string slope.
In this discussion quark spin effects have been taken into account perturbatively, which is a reasonable approximation for the ρ trajectory, but unacceptable for pions and kaons, since for the latter one needs the full implementation of the chiral dynamics.
The progress in this direction was achieved in recent papers of one of the authors (Yu.S.) [10] , where an effective Dirac equation for the quark moving in the field of an infinitely heavy antiquark source was derived, and it was shown that solutions display the properties of confinement and chiral symmetry breaking. The nonrelativistic limit of the resulting interaction lead to the conventional result for the confining term and to the spin-orbit interaction in agreement with the standard Eichten-Feinberg-Gromes results [13] . Therefore pionic trajectories should be considered in this new formalism.
There is yet another question unanswered by our paper (and to our knowledge by all other existing papers) -the intercept of Regge trajectories L 0 ≡ L (M 2 = 0). Theoretical intercept for the leading trajectory in j (see Fig.1 and the caption to it) is around -0.5, whereas it is +0.5 for the experimental ρ trajectory also shown in Fig.1 . The customary way in the potential models is to add to the Hamiltonian a large negative constant |C 0 | ∼ 1 GeV to reproduce the intercept, but this would obviously violate the linearity of Regge trajectories. Therefore one expects that QCD provides a negative constant ∆M 
